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Anti-cancer actionGuttiferone-A (GA) is a natural occurring polyisoprenylated benzophenone with cytotoxic action in vitro and
anti-tumor action in rodent models. We addressed a potential involvement of mitochondria in GA toxicity (1–
25 μM) toward cancer cells by employing both hepatic carcinoma (HepG2) cells and succinate-energized
mitochondria, isolated from rat liver. In HepG2 cells GA decreased viability, dissipated mitochondrial
membrane potential, depleted ATP and increased reactive oxygen species (ROS) levels. In isolated rat-liver
mitochondria GA promoted membrane ﬂuidity increase, cyclosporine A/EGTA-insensitive membrane
permeabilization, uncoupling (membrane potential dissipation/state 4 respiration rate increase), Ca2+ efﬂux,
ATP depletion, NAD(P)H depletion/oxidation and ROS levels increase. All effects in cells, except mitochondrial
membrane potential dissipation, as well as NADPH depletion/oxidation and permeabilization in isolated
mitochondria, were partly prevented by the a NAD(P)H regenerating substrate isocitrate. The results suggest
the following sequence of events: 1) GA interaction with mitochondrial membrane promoting its
permeabilization; 2) mitochondrial membrane potential dissipation; 3) NAD(P)H oxidation/depletion due
to inability of membrane potential-sensitive NADP+ transhydrogenase of sustaining its reduced state; 4) ROS
accumulation inside mitochondria and cells; 5) additional mitochondrial membrane permeabilization due to
ROS; and 6) ATP depletion. These GA actions are potentially implicated in the well-documented anti-cancer
property of GA/structure related compounds.Investigaciones y Evaluaciones
idad de La Habana, ave. 23 #
dad Habana, Cuba. Fax: +53 7
Pardo-Andreu).
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Guttiferone-A (GA) is a polyisoprenylated benzophenone derivative
(Fig. 1) initially isolated from Symphonia globulifera roots (Gustafson et
al., 1992), and recently, byour group (unpublished results), fromGarcinia
aristata fresh fruits; it is a bicyclo-[3.3.1]-nonane derivative with only
one aliphatic methyl group belonging to a bicyclo moiety. GA presents
anti-HIV (Gustafson et al., 1992), cytotoxic (Williams et al., 2003),
trypanocidal, antiplasmodial (Ngouela et al., 2006) and leishmanicidal
(Pereira et al., 2010) actions. In addition, structurally related
polyisoprenylated benzophenones isolated from plants presentcytotoxic, growth inhibiting and apoptosis inducing actions in cancer
cells (Baggett et al., 2005; Cao et al., 2007; Huang et al., 2009;
Matsumoto et al., 2003; Merza et al., 2006; Pan et al., 2001; Sang et al.,
2001; Xu et al., 2010), antibacterial activity (Chatterjee et al., 2005;
Iinuma et al., 1996), as well as preventing action in rodent models of
colorectal and tongue carcinogenesis (Tanaka et al., 2000; Yoshida
et al., 2005).
Several speciﬁc actions of GA/structurally related compounds
toward cancer cells have been reported, for example: (i) guttiferones
O and P inhibit phosphorylation of the synthetic biotinylated peptide
substrate KKLNRTLSVA by MAPKAPK-2 (Carroll et al., 2009); (ii)
xanthochymol and guttiferone E inhibit microtubule disassembly
with implications in cell replication (Roux et al., 2000); (iii) garcinol
inhibits histone acetyltransferases p300, a key regulatory step in gene
expression and cell cycle (Balasubramanyam et al., 2004); (iv)
oblongifolin C induces apoptosis in HeLa-C3 cells through activation
of caspase 3 (Huang et al., 2009); (v) xanthochymol, guttiferone E and
O O
OH
HO
O OH
Fig. 1. Guttiferone A (GA) structure (1R,3E,5S,6R,7S)-3-[(3,4-dihydroxyphenyl)-
hydroxymethylidene]-6-methyl-1,5,7-tris(3-methylbut-2-enyl)-6-(4-methylpent-
3-enyl)bicyclo[3.3.1]nonane-2,4,9-trione.
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HCT116, HT29 and SW480, respectively, in association with induction
of endoplasmic reticulum response (Protiva et al., 2008); (vi)
guttiferone G and analogs inhibit human sirtuin type proteins 1 and
2 (Gey et al., 2007); and (vii) GA inhibits cysteine/serine proteases
(Martins et al., 2009).
Mitochondria are considered to be implicated in cell necrosis and
apoptosis (Kroemer and Reed, 2000), so compounds lipophilic
enough to reach mitochondrial membrane may promote cell death
by means of mitochondrial mechanisms. Because of a XLog P3-AA
value of 10.4 (theoretical value) GA meets this criterion, which
renders it with a potential ability to interact with mitochondrial
membrane. In this context, we addressed in the present work a
potential involvement of mitochondria in the GA toxicity toward
cancer cells by employing both hepatic carcinoma (HepG2) cells and
mitochondria isolated from rat liver. The results show that energetic
and oxidative stress implications resulting from direct mitochondrial
membrane permeabilization are potentially involved in GA toxicity
toward cancer cells.
Materials and methods
Compounds and reagents. All reagents were obtained from Sigma-
Aldrich Corp. (St. Louis, MO, USA). All stock solutions were prepared
using glass-distilled deionized water. Stock solutions of GA were
prepared in dimethyl sulfoxide (DMSO) and added to the cell culture
or mitochondrial reaction media at 1/1000 (v/v) dilution. Control
experiments contained DMSO at 1/1000 dilution.
GA isolation. GA was obtained from G. aristata fresh fruits through the
same procedure employed for aristophenone (Cuesta-Rubio et al.,
2001). In brief, fresh fruits (2.5 kg) were extracted with n-hexane
(5 l×2) for 7 days at room temperature (25 °C). A yellow residue
(7.8 g) was obtained after concentration under reduced pressure
(40 °C) and a portion (2 g) was puriﬁed by semi-preparative High
Pressure Liquid Chromatography, HPLC (Phenomenex C-18 column,
CH3OH/0.01% triﬂuoroacetic acid 9:1, ﬂow rate 2.5 ml/min) in order to
obtain around 0.8 g of compound 1 and 0.9 g of compound 2. These
compounds were initially identiﬁed as GA and aristophenone by
1
H
NMR and ESI-MS spectra, respectively. Compound 1 was puriﬁed by
successive crystallizations from hexane solutions (purity: 99% byHPLC) and its structure was conﬁrmed as GA by
1
H NMR, COSY and
HMBC spectra employing the same spectroscopic conditions previ-
ously reported (Gustafson et al., 1992).
1
H NMR spectrum exhibited 9
methyl groups between δ 1.24 and 1.70, an aromatic AMX spin system
[δ 7.19 (d, J=2 Hz), 6.67 (d, J=8 Hz), 6.95 (dd, J=2 and 8 Hz)], and
ﬁve vinyl protons between δ 4.8 and 5.3. Three proton signals δH 1.24
(CH3-22) and δH 1.21, 1.40 (CH2-23) showed HMBC correlations to
three carbon signals at δ 68.7 (C-4), δ 51.8 (C-5,) and δ 41.0 (C-6),
indicating the presence of a 3-methylbut-2-enyl moiety attached to C-
5 and the existence of a bicyclo-[3.3.1]-nonane derivative. All
connectivities established by HMBC and COSY spectra were identical
to those previously shown for guttiferone-A (Gustafson et al., 1992).
In addition, the ESI-MS spectrum of GA showed a protonatedmolecule
[M+H]+ atm/z 603 and its fragmentation yielded ions resulting from
successive elimination of the alkyl chains from the bicyclo core
(Gustafson et al., 1992). Its Log P value was determined theoretically
using Advanced Chemistry development (ACD/labs) software V8.19
(1994–2010 ACD/Labs).
Culture of HepG2 cells. HepG2 cells were obtained from the American
Type Culture Collection, No. HB 8065. The cell line was cultured in
Dulbecco's medium with 10% deﬁned supplement fetal bovine fetal
serumplus 100 IU/ml penicillinG, 100 mg/ml streptomycin and 1 μg/ml
amphotericin. The cellswere seeded into12-well plates (Nunc, Roskilde,
Denmark), with 1×105 cells/well in 1 ml of culture medium at 37 °C,
ﬂushedwith 5% CO2 in air for 24 h. After the incubation period, the cells
were rinsed with buffered saline solution.
Assessment of HepG2 cell viability by annexin-V/propidium iodide
double-staining. Cells were seeded in a 12-well plate at a density of
1×105 cells/well and incubated for 24 h in the absence (control) or
presence of GA (1–25 μM), 25 μMGA plus 1 mM isocitrate, and 25 μM
CCCP. After incubations, cells were collected and washed with ice-
cold PBS and binding buffer (10 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES)/NaOH, 140 mM NaCl, 2.5 mM
CaCl2). Cells were then incubated with FITC-conjugated Annexin-V
(1:100) on ice for additional 15 min. Propidium iodide (1 μg/ml) was
added immediately before analysis by BD FAXSCANTO™ﬂowcytometer
(BDBioscience, CA,USA). 10,000 cellswere countedper sample anddata
were analyzed by BD FACSDIVA software (BD Biosciences, CA, USA).
Mitochondrial membrane potential (ΔΨ) and ATP assays in HepG2 cells.
Mitochondrial membrane potential was assessed with JC-1 probe
(Molecular Probes Inc., Eugene, OR). The green-ﬂuorescent JC-1 probe
exists as a monomer at low membrane potential but forms red-
ﬂuorescent “J-aggregates” at higher potential. Cells were incubated as
for the viability assay, harvested and resuspended in DMEM medium
at a density of 1×105 cells/ml, then incubated with 1 μM JC-1 at 37 °C
for 30 min. 10,000.00 cells were counted per samples. Relative
ﬂuorescence intensities were monitored by BD FAXSCANTO™ ﬂow
cytometer (BD Bioscience, CA, USA) and analyzed by the software
Modﬁt and Cell-Quest (BD Biosciences, Franklin Lakes, NJ) with
settings of FL1 (green) at 530 nm and FL2 (red) at 585 nm (Liu et al.,
2007).
Cellular ATP was determined by means of the ﬁreﬂy luciferin–
luciferase assay system. Cells (1×105) were incubated as for the
viability assay and suspension was centrifuged at 50×g for 5 min at
4 °C. The pellet was treated with 1 ml of ice-cold 1 M HClO4. After
centrifugation at 2000×g for 10 min at 4 °C, aliquots (100 μl) of the
supernatants were neutralized with 70 μl of 2 M KOH, suspended in
100 mM Tris-(hydroxymethyl) aminomethane (Tris)–HCl, pH 7.8
(1 ml ﬁnal volume), and centrifuged again. Bioluminescence was
measured in the supernatant with a Sigma-Aldrich assay kit according
to the manufacturer's instructions, using an AutoLumat LB953
Luminescence photometer (Perkin-Elmer Life Sciences, Wilbad,
Germany).
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Intracellular oxidation of dichlorodihydroﬂuorescein diacetate
(H2DCFDA) to 2,7-dichloroﬂuorescein (DCF) by ROS was monitored
through ﬂuorescence increase. HepG2 cells were seeded in a 12-well
plate at a density of 1×105 cells/well and incubated as for the cell
viability assay. After incubations, the well plates were washed with
PBS and then 100 μl/well of 10 μmol/l H2DCFDA was added to each
well, remaining incubated at 37 °C for 45 min in a 5% CO2 incubator.
Fluorescence was measured in a model F-4500 Hitachi ﬂuorescence
spectrophotometer (Tokyo, Japan) at the 503/529 nm excitation/
emission wavelength pair (slits 5/10 nm) (Halliwell and Whiteman,
2004).
Isolation of rat-liver mitochondria. Mitochondria were isolated by
standard differential centrifugation (Pedersen et al., 1978). Male
Wistar rats weighing approximately 200 g were euthanized by
decapitation; livers (10–15 g) were immediately removed, sliced in
medium (50 ml) consisting of 250 mM sucrose, 1 mM ethyleneglycol-
bis(β-aminoethyl)-N,N,N′,N′-tetraacetic acid (EGTA) and 10 mM
HEPES-KOH, pH 7.2, and homogenized three times for 15 s at 1 min
intervals using a Potter-Elvehjem homogenizer. Homogenates were
centrifuged (580×g, 5 min) and the resulting supernatant further
centrifuged (10300×g, 10 min). Pellets were then suspended in
medium (10 ml) consisting of 250 mM sucrose, 0.3 mM EGTA and
10 mM HEPES-KOH, pH 7.2, and centrifuged (3400×g, 15 min). The
ﬁnal mitochondrial pellet was suspended in medium (1 ml) con-
sisting of 250 mM sucrose and 10 mM HEPES-KOH, pH 7.2, and used
within 3 h. Mitochondrial protein contents were determined by the
Biuret reaction.
Standard incubation procedure. Mitochondria were energized with
5 mM potassium succinate (plus 2.5 μM rotenone) in a standard
incubation medium consisting of 125 mM sucrose, 65 mM KCl, 2 mM
inorganic phosphate and 10 mM HEPES-KOH pH 7.4 at 30 °C.
Continuous-monitoring mitochondrial assays. Mitochondrial respira-
tion was monitored polarographically by an oxygraph equipped with
a Clark-type oxygen electrode (Hansatech instruments, oxytherm
electrode unit, UK), and the mitochondrial membrane potential was
determined spectroﬂuorimetrically using 10 μM safranine O as a
probe (Zanotti and Azzone, 1980) in a Model F-4500 Hitachi
ﬂuorescence spectrophotometer (Tokyo, Japan) at the 495/586 nm
excitation/emission wavelength pair; these assays were performed in
the presence of 0.1 mM EGTA and 2 mM K2HPO4. Ca2+ efﬂux was
monitored spectroﬂuorimetrically using 150 nM Calcium Green 5N
(Molecular Probes, OR, USA) as a probe, at the 506/531 nm excitation/
emission wavelength pair (Rajdev and Reynolds, 1993). Mitochon-
drial swelling was estimated spectrophotometrically from the
decrease in apparent absorbance at 540 nm, using a Model U-2910
Hitachi spectrophotometer (Japan). The oxidation of mitochondrial
NAD(P)H (NADPH+NADH) was monitored in a F-4010 Hitachi
ﬂuorescence spectrophotometer at the 366/450 nm excitation/
emission wavelength pair (Fagian et al., 1990). ROS were monitored
spectroﬂuorimetrically using 1 μMAmplex red (Molecular Probes, OR,
USA) and 1 UI/ml horseradish peroxidase at the 563/587 nm
excitation/emission wavelength pair in a Model F-4500 Hitachi
ﬂuorescence spectrophotometer (Votyakova and Reynolds, 2001).
ATP assay in mitochondria. Mitochondrial ATP was determined by
means of the ﬁreﬂy luciferin–luciferase assay system (Lemasters and
Hackenbrock, 1976). After a 10-min treatment with GA, the
mitochondrial suspension (1 mg protein/ml) was centrifuged at
9000×g for 5 min at 4 °C, and the pellet was treated with 1 ml of
ice-cold 1 MHClO4. After centrifugation at 14,000×g for 5 min at 4 °C,
100-μl aliquots of the supernatants were neutralized with 70 μl of 2 M
KOH, suspended in 100 mM Tris–HCl, pH 7.8 (1 ml ﬁnal volume) andcentrifuged at 15,000×g for 15 min. Bioluminescence was measured in
the supernatant with a Sigma/Aldrich assay kit according to the
manufacturer's instructions, using an AutoLumat LB953 Luminescence
photometer (Perkin-Elmer Life Sciences, Wilbad, Germany).
Evaluation of mitochondrial membrane ﬂuidity. Mitochondrial
membrane ﬂuidity was evaluated by ﬂuorescence anisotropy (r).
Mitochondria (0.4 mg protein) were incubated in 2 ml (ﬁnal volume)
of standard reaction medium containing 0.5 μM 1,6-diphenyl-1,3,5-
hexatriene (DPH) for 30 min, at 37 °C, in the presence of GA.
Fluorescence was measured in a Model F-4500 Hitachi ﬂuorescence
spectrophotometer equipped with polarizer system (Hitachi, Tokyo,
Japan) at the 362/432 nm excitation/emission wavelength pair.
Fluorescence anisotropy data were calculated using the formula
r= lΠ− I⊥/IΠ+2I⊥, where lΠ and I⊥ refer to the intensity of the
ﬂuorescence light emission measured parallel and perpendicularly to
the polarization plane of the excitation beam, respectively (Praet
et al., 1986; Martins et al., 2008).
Statistical analysis. Statistical analysis was performed using two-way
ANOVA, assuming equality of variance with Student–Newman–Keuls
post-hoc test for pairwise comparisons. Results with Pb0.05 were
considered to be statistically signiﬁcant.
Results
Effects of GA on viability, mitochondrial membrane potential, ATP and
ROS levels in HepG2 cells
The incubation of HepG2 cells with GA for 24 h promoted cell
viability decrease (Fig. 2A), as assessed by Annexin-V/PI double-
staining (ﬂow cytometry). At 25 μM, GA promoted around 50% cell
death, an effect close similar to the effect of 25 μM CCCP. Isocitrate
(1 mM), in turn, partly prevented cell death induced by 25 μMGA. The
effect of GA on HepG2 cell mitochondrial membrane potential was
estimated with the mitochondrion-speciﬁc dye, JC-1. As shown in
Fig. 2B, GA promoted an extensivemitochondrial membrane potential
dissipation in HepG2 cells. Unlike cell viability, this effect was not
prevented by isocitrate. GA also induced ATP depletion in HepG2 cells
after 24 h incubation (Fig. 2C), as well as ROS levels increase (Fig. 2D),
both effects partly prevented by isocitrate. The concentration–
response pattern for all above GA effects was closely similar,
suggesting a correlation between them; interesting, they were largely
potentiated in HepG2 cells exposed to low glucose levels (results not
shown), denoting energetic implications. We therefore performed
studies on the GA effects in isolated rat-liver mitochondria, a classical
model for studies on mitochondrial mechanisms.
Effects of GA on respiration of isolated rat-liver mitochondria
Fig. 3A shows concentration–response traces for the effects of GA
on respiration of mitochondria isolated from rat liver. State 4
respiration rate supported by 5 mM succinate plus rotenone (V4)
was increased by GA, denoting a mitochondrial uncoupling action
(Fig. 3B). On the other hand, mitochondrial state 3 respiration rate
(V3) was not affected by GA, denoting lack of respiratory chain or ATP
synthase inhibition (Figs. 3A and B). As expected, the V4 increase led
to a decrease of the mitochondrial respiratory control ratio (Fig. 3C).
Effects of GA on mitochondrial membrane potential and Ca2+ uptake/release
Fig. 4A shows that GA promoted dissipation of mitochondrial
membrane potential (lines b, c, d, e versus line a), consistently with the
observed increase of V4. This effect was not inhibited by either the
classical mitochondrial permeability transition inhibitor cyclosporine A,
ruthenium red or EGTA (lines f, g and h, respectively). The ﬂuorescence
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Fig. 2. Effects of GA on HepG2 cell viability (A), mitochondrial membrane potential (B),
ATP levels (C) and ROS levels (D). HepG2 cells (1×105) were treated with GA (1, 5, 10
and 25 μM), 25 μM GA plus 1 mM isocitrate, and 25 μM CCCP. Control cells only
contained GA vehicle (DMSO 1/1000 v/v).The assay conditions are described in
Materials and methods. The bars are mean±SEM of three different experiments. ⁎, #, $
Signiﬁcantly different from control, consecutive GA concentrations or isocitrate treatment
at Pb0.05, respectively.
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(line b), 97.62±4.73 (line c), 111.68±5.22 (line d), 204.53±6.52
(line e), 114.8±5.72 (line f), 103.4±4.69 (line g), 100.7±5.25 (line h);
differences statistically signiﬁcant were found between (line a) and
the other lines, at Pb0.05. Fig. 4B shows that GA inducedmitochondrial
Ca2+ release, also in a way not prevented by cyclosporine A, but
partially prevented by the Ca2+-uniporter blocker, ruthenium red. The
ﬂuorescence units (means±SEM at 250 s) were: 41.90±3.86 (line a),240
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protein/ml) were incubated without (controls) or with GA in the standard medium
supplemented with 0.1 mM EGTA, under the conditions described in Materials and
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91.62±6.83 (line e); differences statistically signiﬁcant were found
between (line a) and the other lines, at Pb0.05. Fig. 4C shows that GA
prevented mitochondrial Ca2+ uptake when the compound was added
to the medium prior to energized mitochondria. The ﬂuorescence units
(means±SEM at 250 s) were: 39.69±4.41 (line a), 48.90±3.72
(line b), 123.55±6.53 (line c), and 172.96±7.56 (line d); differences
statistically signiﬁcant were found between (line a) and the other lines,
at Pb0.05.200
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After 10-min incubation GA induced decrease in the ATP levels of
isolated rat-livermitochondria by around 45% and 65% at 5 and 25 μM,
respectively (Fig. 5). It denotes energetic impairment and, like for
HepG2 cells, it was probably a consequence of the GA-promoted
dissipation of the mitochondrial membrane potential.
Effects of GA on mitochondrial swelling
Fig. 6 shows that GA induced non-speciﬁc mitochondrial mem-
brane permeabilization in isotonic sucrose-based medium, monitored
as mitochondrial swelling assessed by absorbance decrease (lines b, c,
d, and e). This effect was not inhibited by cyclosporine A (line f), EGTA
(line g) or the antioxidant enzyme catalase (line h), excluding any link
with the mitochondrial permeability transition process. The presence
of isocitrate, a NAD(P)H regenerating substrate (line i), partly
prevented the GA-induced mitochondrial swelling. The absorbance
values (means±SEM at 250 s) were: 1.660±0.019 (line a), 1.163±
0.017 (line b), 0.742±0.021 (line c), 0.674±0.014 (line d), 0.626±
0.015, (line e), 1.184±0.017 (line f), 1.385±0.023 (line g), 1.40±
0.024 (line h), and 1.650±0.025 (line i); differences statistically
signiﬁcant were found between (line a) and the other lines, except for
(line i), at Pb0.05.
Effects of GA on mitochondrial ROS levels
In order to examine the inﬂuence of GA on mitochondrial ROS
levels we assessed H2O2 released to the medium by means of the
Amplex Red assay, in the absence of Ca2+ (100 μMEGTA). Fig. 7 shows
that at around the same concentration range in which the other
effects were observed, GA increased ROS levels in isolated rat-liver
mitochondria (lines b, c, and d). The H2O2 concentrations released to
the medium (means±SEM at 400 s) were: 6.20±0.12, 7.22±0. 14,
9.11±0.14 and 10.9±0.16 nmol/ml for lines a, b, c, and d, respec-
tively. Differences statistically signiﬁcant were found between (line a)
and the other lines, at Pb0.05.
Effects of GA on mitochondrial NAD(P)H levels
NADPH is the major source of reducing equivalents for the
antioxidant systems glutathione peroxidase/reductase and thioredox-
ine peroxidase/reductase; its reduced state in mitochondrial matrix is
controlled by the membrane potential-sensitive NADP+ transhydro-
genase (Hoek and Rydstrom, 1988). We assessed the inﬂuence of GA
on mitochondrial NAD(P)H levels under the same experimental10
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Fig. 5. Effects of GA on ATP levels of mitochondria (1 mg protein/ml) energized with
succinate, 10 min after incubation in the standard medium, as described in Materials
and methods. The bars represent mean±SEM (n=3). ⁎ Signiﬁcantly different from
control at Pb0.05.
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Fig. 6. Effects of GA on mitochondrial swelling in mitochondria energized with
succinate. Mitochondria (0.5 mg protein/ml) were incubated in standard medium
supplemented with 20 μM Ca2+, under the conditions described in Materials and
methods. The additions were: (a) control, (b) 5, (c) 10, (d) 15, (e) 20 μM GA, (f) 5 μM
GA plus 1 μM cyclosporine A, (g) 5 μM GA plus 200 μM EGTA, (h) 5 μM GA plus 3 μM
catalase, and (i) 5 μM GA plus 1 mM isocitrate. Results are representative of three
experiments with different mitochondrial preparations.
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Fig. 8. Effects of GA on NAD(P)H depletion/oxidation. Mitochondria (1 mg protein/ml)
were incubated in standard medium supplemented with 100 μM EGTA and 5 μM
rotenone, under the conditions described in Materials and methods. The additions
were: (a) control, (b) 5, (c) 10, (d) 20 μM GA, (e) 20 μM GA plus 3 μM catalase. t-BHP
(t-butyl hydroperoxide, 250 μM) addition is indicated. Results are representative of three
experiments with different mitochondrial preparations.
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mitochondria exposed to GA (lines b, c and d) compared to control
organelles (line a), denoting NAD(P)H depletion/oxidation; catalase
did not prevent this effect (line e). The ﬂuorescence units at 400 s
were: 25.17±0.46 (line a), 23.58±0.37 (line b), 22.12±0.21 (line c)
19.82±0.36 (line d), and 19.22±0.42 (line e); differences statistically
signiﬁcant were found between (line a) and the other lines, at Pb0.05.
Both NAD(P)H depletion/oxidation (Fig. 9A) and ROS levels increase
(Fig. 9B) by GA (lines b) were partially prevented by the replacement
of NADPH by isocitrate (lines c). These results suggest that GA-
induced mitochondrial membrane potential dissipation renders
transhydrogenase unable to sustain the reduced state of NADPH and
allows mitochondria to accumulate ROS.20
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A decrease in ﬂuorescence anisotropy (r) reﬂects increase in DPH
mobility intomembranes and decrease in membrane structural order/
increase of membrane ﬂuidity. Fig. 10 shows that GA interacts with
mitochondrial membrane increasing its ﬂuidity.12
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Fig. 7. Effects of GA on ROS levels in mitochondria energized with succinate.
Mitochondria (1 mg protein) were incubated in the standard medium supplemented
with 0.1 mM EGTA, 1 μM Amplex Red and 1 IU/ml horseradish peroxidase, at a ﬁnal
volume of 2 ml, as described in Materials and methods. The additions were: (a) control,
(b) 5, (c) 10, (d) 20 μM GA. Results are representative of three experiments with
different mitochondrial preparations.Discussion
The effects of GA in the present study were compared with the
effects of the classicmitochondrial uncoupler CCCP since GA displayed
uncoupling action both in HepG2 cells and rat liver isolated
mitochondria. It is worthy to consider that most of these effects
have been frequently associated with mitochondria-mediated cell
death (Kroemer et al., 1995; Skulachev, 2006; Xia et al., 2009). Indeed,0 100 200 300 400 500 600
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Fig. 9. Effects of isocitrate on NAD(P)H depletion/oxidation (A) and ROS levels increase
(B) promoted by GA. Mitochondria were incubated under the conditions described in
Fig. 7 for Panel A or Fig. 8 for Panel B. The additions were: (a) control, (b) 20 μM GA,
(c) 20 μMGA plus 1 mM isocitrate. Results are representative of three experiments with
different mitochondrial preparations.
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proposed biological actions (Gustafson et al., 1992; Ngouela et al.,
2006; Pereira et al., 2010; Williams et al., 2003), including well-
documented toxicity toward cancer cells (Baggett et al., 2005; Cao et
al., 2007; Huang et al., 2009; Matsumoto et al., 2003; Merza et al.,
2006; Pan et al., 2001; Sang et al., 2001;Williams et al., 2003; Xu et al.,
2010). In addition to these previously proposed actions, we here
provided for the ﬁrst time evidence that GA may interact with
mitochondrial membrane and presents both energetic and oxidative
stress implications: a cyclosporine A/EGTA-insensitive mitochondrial
membrane permeabilization, mitochondrial uncoupling (membrane
potential dissipation/state 4 respiration rate increase), Ca2+ efﬂux,
ATP depletion, mitochondrial NAD(P)H depletion/oxidation and ROS
levels increase. NAD(P)H depletion/oxidation probably resulted from
the mitochondrial membrane potential dissipation, a condition in
which the NADP+ transhydrogenase is unable to sustain the reduced
state of mitochondrial matrix NADPH. NADP+ transhydrogenase is a
mitochondrial membrane enzyme responsible for driving the reduc-
tion of NADP+ by NADH coupled to the protonmotive force (chemical
and electrical potential energy) (Hateﬁ and Yamaguchi, 1996; Hoek
and Rydstrom, 1988). NADPH, in turn, is implicated in cell antioxidant
defenses involving glutathione (GSH) and thioredoxin (TRX), either
reductants themselves or cofactor for GSH and TRX peroxidases; GSH
and TRX reduced species are regenerated by NADPH-requiring
reductases (Carmel-Harel and Storz, 2000). Therefore, whether
NADPH is oxidized/depleted, ROS tend to accumulate.
We recently demonstrated that nemorosone, a natural occurring
compound structurally related to GA, elicits a potent protonophoric
uncoupling action onmitochondria (Pardo-Andreu et al., 2011). In the
presence of the Ca2+-uniporter blocker ruthenium red, nemorosone
induced mitochondrial swelling in a way sensitive to the classic
mitochondrial permeability transition (MPT) inhibitor cyclosporine A.
Unlike nemorosone, GA uncoupled mitochondria through a non-
protonophoric mechanism (result not shown). In addition, mitochon-
drial swelling elicited by GA was not inhibited by cyclosporine A or
EGTA and, therefore, it does not correspond to the MPT process
(Zoratti and Szabò, 1995). Rather, the evidence that GA increased
mitochondrial membrane ﬂuidity suggests that a direct interaction
with mitochondrial membrane, whose major structural lipids are
cardiolipins, accounts for its permeabilizing action on the organelle.
The evidence that isocitrate partly prevented GA-induced NADPH
oxidation/depletion and mitochondrial swelling in isolated mito-
chondria, as well as cell viability decrease, ATP depletion and ROS
levels increase in HepG2 cells, suggests that NADPH oxidation/
depletion is at least partly involved in the GA permeabilizing action
on mitochondria and its consequence on cells. Isocitrate is the6
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Fig. 10. Effects of GA on mitochondrial membrane ﬂuidity evaluated with the
ﬂuorescent probe DPH. Experimental conditions are described in Materials and
methods. Data are expressed as ﬂuorescence anisotropy (r). ⁎, # Signiﬁcantly different
from control or consecutive GA concentrations at Pb0.001, respectively.substrate of NADP+-dependent isocitrate dehydrogenase, a major
NADPH source in mitochondria with a key role in cellular defense
against ROS (Jo et al., 2001). In citosol, NADPH is provided primarily
by the pentose phosphate pathway, including glucose-6-phosphate
dehydrogenase and 6-phosphogluconate dehydrogenase. In this
regard, the fact that HepG2 cells incubated in medium with low
glucose levels were more sensitive to GA-induced death, mitochon-
drial membrane potential dissipation, ATP depletion and ROS levels
increase reinforces the proposed GA toxicity mechanism. Low glucose
impairs NADPH re-generation in citosol and may potentiate mito-
chondria-mediated cytotoxic actions.
In conclusion, the present results suggest the following sequence
of events for the GA action on mitochondria: 1) GA interaction with
mitochondrial membrane increasing its ﬂuidity and promoting its
permeabilization; 2) mitochondrial membrane potential dissipation;
3) NAD(P)H oxidation/depletion due to inability of membrane
potential-sensitive NADP+ transhydrogenase of sustaining its re-
duced state; 4) ROS accumulation inside mitochondria and cells; 5)
additional mitochondrial membrane permeabilization due to ROS;
and 6) ATP depletion. The evidence that Ca2+ efﬂux was only partially
prevented by the Ca2+-uniporter blocker ruthenium red in isolated
mitochondria and the inability of isocitrate to prevent mitochondrial
membrane potential dissipation in HepG2 cells suggest that this latter
is an early event associated to the GA action on mitochondria, which
could ultimately, via energetic and oxidative stress implications,
result in cell ATP depletion.
Here we demonstrated that GA promotes mitochondrial energetic
impairment/oxidative stress in apparent association with mitochon-
drial membrane permeabilization and this action is potentially
implicated in the well-documented anti-cancer property of GA/
structure related compounds.
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